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Abstract
The major structural protein of the human polyomavirus BK (BKV), VP1, was expressed by using recombinant baculoviruses. A large
amount of protein with a molecular mass of about 42 kDa was synthesized and identified by Western blotting. The protein was detected
exclusively in the nuclei by immunofluorescent analysis and it was released into culture medium. The expressed BKV VP1 protein was
self-assembled into virus-like particles (BK-VLPs) with two different sizes (50 and 26 nm in diameter), which migrated into four different
bands in CsCl gradient with buoyant densities of 1.29, 1.30, 1.33, and 1.35 g/cm3. The immunological studies on the BK-VLPs suggested
that they have similar antigenicity with those of authentic BKV particles. Cryoelectron microscopy and 3D image analysis further revealed
that the larger BK-VLPs were composed of 72 capsomers which all were pentamers arranged in a T 7 surface lattice. This system provides
useful information for detailed studies of viral morphogenesis and the structural basis for the antigenicity of BKV.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Human polyomavirus BK (BKV) is a nonenveloped DNA
virus. By electron microscopy (EM), BKV virion is identified
as a spherical particle of about 500 Å in diameter. The genome
is a circular, double-stranded DNA molecule consisting of
approximately 5000 base-pairs (Dhar et al., 1978, 1979; Seif et
al., 1979; Yang and Wu, 1979a,b). The BKV replication cycle
is divided into early and late stages. The T and t antigens are
essential for the viral replication and its transforming activity,
but are not the constituents for the virion structure. After viral
DNA replication in the later stage of infection, the viral pro-
teins (VP1, VP2, and VP3) are synthesized in the cytoplasm
and then transported to the nucleus where they are assembled
into progeny virions. VP1 is a 42-kDa protein that constitutes
the external portion of the viral capsid and plays an essential
role in viral attachment to susceptible cells. The BKV VP1 also
contains an antigenic site common to all polyomaviruses (Ger-
ber et al., 1980). VP2 and VP3 are minor components of the
viral capsid (Yang and Wu, 1979a). Overall nucleotide se-
quence homology between BKV DNA and the other human
polyomavirus, JCV DNA, is 75 and 69% with nonhuman
polyomavirus SV40 DNA (Frisque et al., 1984). However, in
the VP1 region the sequence homology rises up to 77% to JCV
and 74% to SV40 (Walker and Frisque, 1986). Similar to JCV,
BKV is able to agglutinate human O type erythrocytes, as well
as erythrocytes of several animal species (Mantyjarvi et al.,
1972).
BKV was first isolated from the urine of an immunosup-
pressed renal transplant recipient (Gardner et al., 1971), as
well as from brain tumors of immunodeficient individuals
(Takemoto et al., 1974). Although the original isolation was
done in primary cultures of rhesus monkey kidney cells and
Vero cells (Gardner et al., 1971), BKV replicates efficiently
only in primary cultures of human fetal kidney or neuralgia
cells (Takemoto and Mullarkey, 1973; Beckmann and Shah,
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1983). However, even in these primary cultures, the time to
obtain the maximum virus titer is 3 to 4 weeks (Seehafer et
al., 1978; Marshall et al., 1990), and yet the viral production
is generally low. This has been one of the major barriers to
study the late events of the BKV replication cycle, in par-
ticular, particle formation.
The structure of both SV40 and murine polyomavirus has
been determined (Baker et al., 1989; Griffith et al., 1992)
where the virus capsids were found to comprise 72 pentamers
of VP1 in a T  7 icosahedral lattice. BKV and JCV are
thought to have similar structures to these nonhuman polyoma-
viruses based on their high sequence homology as well as
similarity of their gene organization. Here, we established an
efficient expression system for BKV capsid proteins. The BKV
VP1 was expressed by a recombinant baculovirus in insect Tn5
cells. BKV VP1 self-assembled into virus-like particles (BK-
VLPs) and were then released into the culture medium. These
VLPs appear to possess similar antigenicity to that of authen-
tic, native, BKV particles. The three-dimensional structure and
the physicochemical property of the overexpressed VLP were
examined and compared to those of previously reported native
BKV virions.
Results
Expression of BKV major capsid protein VP1 in insect cells
High yield of BKV major capsid protein, VP1, was
achieved by expression of recombinant baculovirus AcVP1
containing BKV DNA fragment encoding the entire VP1
region under the control of baculovirus polyhedrin pro-
moter. One major protein with molecular mass of 42 kDa
was detected in recombinant virus-infected Tn5 cell lysate
as well as in culture medium (Fig. 1). The peak of VP1
protein expression in cell lysates was at day 3 postinfection
(p.i.), and the peak of VP1 protein expression in culture
medium was at day 6–7 p.i. A similar BKV VP1 expression
pattern was obtained when cells were infected with a re-
combinant baculovirus containing BKV-DNA in the VP1
with its N-terminal 11 amino acids deleted (AcVP1-D). The
expressed protein had a molecular weight of 41 kDa. How-
ever, it was not efficiently released into culture medium
compared to that by AcVP1 (Fig. 1).
To examine the intracellular localization of the expressed
VP1 protein, Tn5 cells infected with either AcVP1 or
AcVP1-D were harvested at 36 h p.i. and examined by
immunofluorescent microscopy. As shown in Fig. 2A, the
VP1 protein was observed exclusively in the nucleus in
AcVP1-infected cells, while the VP1 protein was observed
exclusively in the cytoplasm in AcVP1-D-infected cells
(Fig. 2B).
VP1 protein forms VLPs
The culture medium of the recombinant virus AcVP1-
infected Tn5 cells was harvested after 7 days and centri-
fuged on CsCl gradient. Four bands were obtained. Band A,
major one at the top, had a density of about 1.29 g/cm3,
whereas the others had densities of 1.30 g/cm3 (band B),
Fig. 1. Time course of BKV VP1 protein expression. Tn5 cells were infected with baculovirus recombinant AcVP1 and incubated at 26.5°C, harvested at
the indicated days (1 to 7 days). Five microliters of culture medium and 105 cell lysate were analyzed by 10% SDS–PAGE. Protein bands were visualized
by Coomassie brilliant blue staining (CB) or by Western blot assay with anti-BKV human serum (WB). The culture medium (right) and cell lysates (left)
were analyzed separately. M, molecular weight marker, W, wild-type baculovirus infected cells; lanes 1 to 7, 1 to 7 days p. i.; lane D, AcVP1-D infected
cells examined at the seventh day.
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1.33 g/cm3 (band C), and 1.35 g/cm3 (band D), respectively.
Each of these bands was then harvested separately and
examined by EM (Fig. 3). VLPs were found in all four of
the bands, but differed in size and internal electron density.
Band A and B contained empty particles with two different
sizes (50 and 26 nm). VLPs from band C and D had a mean
diameter of 50 nm. Band C had mainly empty VLPs, while
the VLPs from band D were partly packed. AcVP1-D-
infected Tn5 cells did not produce any detectable VLPs
(data not shown).
Nucleic acid in BK-VLPs
To determine whether cellular nucleic acids were pack-
aged in the BK-VLPs, nucleic acids were extracted from
purified VLPs and analyzed by agarose gel electrophoresis.
Although it looked empty in Fig. 3C, BK-VLPs in band C
contained nucleic acids of 4 kb (Fig. 4A). Band D contained
nucleic acids of three different lengths, 4, 1.6, and 0.7 kb.
We could not find any nucleic acids in BK-VLPs from band
A or band B (Fig. 4A). All of these bands were DNase
sensitive (Fig. 4B).
HA activity and immunogenicity of BK-VLPs
BK-VLPs with four different densities were analyzed
by hemagglutination (HA) assay using O-type human red
blood cells. All four of the bands of BK-VLPs had HA
activities with high titers (1:5120 –1:10,240 per micro-
gram of protein). Four bands were collected, mixed to-
Fig. 2. Localization of BK VP1 in recombinant baculovirus-infected insect cells. Tn5 cells were infected with recombinant baculovirus AcVP1 (A) and
AcVP1-D (B). The cells were fixed at 36 h p.i. and examined by indirect immunofluorescence with human anti-BKV antibody.
Fig. 3. Characterization of the BK-VLPs. The VLPs were subjected to CsCl gradient centrifugation and four bands from the top to the bottom were designated
A, B, C, and D. The VLPs were stained with 2% uranyl acetate and observed by EM. Bar, 100 nm.
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gether, and immunized two rabbits. High hemagglutina-
tion inhibition (HI) antibody titer (1:5  106) was
obtained in both rabbits. This hyperimmune sera inhib-
ited the HA activity of BK-VLPs and reacted with the
authentic BKV virions prepared in primary human em-
bryonic kidney (HuEK) cells with the same titer (data not
shown). These data suggest that BK VLPs have similar
antigenicity and immunogenicity as the authentic BKV
virions.
Antigenicity depends on BK-VLPs conformation
The antigenicity of BK-VLPs was further analyzed by
dot immunoblotting and ELISA assays. In dot immunoblot-
ting, native BK-VLPs reacted well with human anti-BKV
antibody and rabbit anti-BK-VLP antibody, while SDS-
denatured BK-VLPs reacted poorly with these antibodies
(Fig. 5A).
The difference of the reactivity to native- and SDS-
Fig. 4. Characterization of the nucleic acids packaged in BK-VLPs. The nucleic acids extracted from the BK-VLPs were analyzed on a 1% agarose gel. (A)
Lane M, molecular mass markers; lanes 1–4, nucleic acids isolated from the VLPs with buoyant density of 1.29 g/cm3 (band A), 1.30 g/cm3 (band B), 1.33
g/cm3 (band C), and 1.35 g/cm3 (band D). (B) Lane 1, band C treated with DNase I; lane 2, band D treated with DNase I; lane 3, band C treated with RNase
A; lane 4, band D treated with RNase A.
Fig. 5. Antigenicity of BK-VLPs. (A) The reactivity between the native and SDS-denatured BK-VLPs was determined by a dot immunoblot. (B) The
reactivity between the native (— E —) and SDS-denatured BK-VLPs (— ƒ —) was determined by ELISA.
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denatured BK-VLPs was also detected by ELISA. The anti-
BKV IgG titer of human serum was reduced from 1:12,800
to 1:400 when SDS-denatured BK-VLPs were used (Fig.
5B). Thus, both human and rabbit antibodies are able to
detect the conformational difference between native and
SDS-denatured BK-VLPs.
Structural analysis of BK-VLPs
In the low-dose micrograph, the purified BK-VLPs from
band D (Fig. 3) had nearly circular image profiles. This
indicated that the spherical particle feature was well pre-
served in the vitrified ice (Fig. 6). The overall particle size
was homogeneous, about 50 nm in diameter. The structural
determination was performed using the viral particles of the
bottom band where the concentration was adjusted so that
about 300 particles per micrograph could be selected at a
magnification of 35,000.
The structure of the BK-VLP was solved to 20 Å
resolution from unstained, frozen-hydrated samples that
were imaged with low-irradiation cryo-EM procedures. The
3D reconstruction of BK-VLPs (Fig. 7A) appeared similar
to the structure of the native SV40 and murine polyomavi-
rus (Baker et al., 1989; Griffith et al., 1992). The VP1 was
organized into 72 protruding capsomers. Twelve of these
capsomers located on the 12 fivefold, icosahedral vertices,
while the remaining 60 capsomers located at the local six-
fold, surrounded by six neighboring capsomers. Altogether,
the capsomers are composed in a T  7 surface lattice.
Besides the pentagon morphology, the density profiles of
individual capsomers indicated that there were only five
subunits composed in all capsomers (Fig. 7). This density
distribution of capsomers indicated that the 72 capsomers in
BK-VLPs are composed of 360 subunits. The pentavalent
capsomers with strict fivefold symmetry imposed by icosa-
hedral averaging procedure had a clear pentagonal outer
profile of a maximum dimension of 80 Å, with a central dip
with weak density. In contrast, hexavalent capsomers
seemed to be further twisted and were slightly larger in
diameter (84 Å). The central dip of the local sixfold cap-
somers also appeared larger than that of the strict fivefold
capsomers.
Contacts among VP1 subunits
Six unique monomers were distinguished depending on
their different local environment (marked 1–6 in Fig. 7B).
These unique monomers gave rise to three different contacts,
followed by radial cutting of the density of the BK-VLPs
capsid shell (Fig. 8). At a radius of 202 Å from the particle
center, the density made continuous contacts to form the base
of the capsid shell (starting at a radius of 184 Å). The
monomers in both the fivefold pentamer and the local sixfold
pentamer were distinguishable at radius 212 Å. Further out
from the particle center, the contacts around the strict fivefold
capsomers were visible at a radius of 222 Å. The subunits
Fig. 6. Cryoelectron micrograph of frozen BK-VLPs from band D. The VLPs have been concentrated by density gradient centrifugation so that we could box
out 300 good particles from a single micrograph. The overall particle size was homogeneous. Bar, 500 Å.
119T.C. Li et al. / Virology 311 (2003) 115–124
responsible for these contacts (marked 1–3 in Fig. 7B) partic-
ipated in four inter-subunit interactions; two with subunits in
the same capsomer and two with subunits of adjacent capsom-
ers. The subunits from the three independent capsomers faced
with each other to constitute a compact capsid shell around the
strict fivefold capsomer. In contrast, the subunits around the
threefold axes and at the twofold axes had three inter-subunit
interactions, two within the same capsomer and one connecting
to a subunit of an adjacent capsomer (marked 4–6 in Fig. 7B).
The shell region at the icosahedral threefold was more open
than the shell region around the strict fivefold capsomer, with
the subunits from two local sixfold capsomers facing each
other (marked 4–5 in Fig. 7B). These contacts around the
threefold axes could be followed until the radius of 222 Å,
while the connection at the twofold axes continued to be
visible until the radius of 238 Å (data not shown). The contact
at the twofold axes was made up of subunits from two different
capsomers (marked 6 in Fig. 7B). This connection was broader
at the shell than that at the region further out from the center of
the particle. At the radius of 242 Å, an additional weak “Y”-
shaped connection was seen at threefold. The pentagonal shape
of the capsomers was clearly visible at a radius of 242 Å. The
density of the protruding capsomers continued until a maxi-
mum radius of 253 Å.
Discussion
In this work, we obtained high yield of BKV VP1 protein
reaching the yield of the purified VLPs to 1 mg/107 Tn5
cells. The major protein VP1 self-assembled to VLPs with-
out the minor proteins VP2 and VP3, when expressed in
insect cells. Furthermore VP1 VLPs with or without DNA
were observed.
One of the interesting features of this study is the nuclear
transportation of BKV VP1. VP1 was exclusively expressed
in the cytoplasm of “nonpermissive” insect cells. Synthe-
sized VP1 protein was then efficiently transported into the
nucleus as in the case of native BKV replication in “per-
missive” cells. BK VP1 has basic amino acid stretch at its
N-terminus similar to those of murine polyoma virus VP1
(Moreland and Garcea, 1991; Chang et al., 1992), SV40
VP1 (Ishii et al., 1996), and JCV VP1 (Chang et al., 1997)
(Table 1). Those sequences were identified as nuclear lo-
calization signals (NLS). Therefore, the putative NLS of
BKV VP1 at the N-terminus may be responsible for trans-
porting the VP1 into the nucleus for viral assembly. With
the N-terminal 11 aa deleted, the VP1 protein was not
transported into the nucleus (Fig. 2B), and consequently,
VLPs were not formed (date not shown).
DNA fragments encapsidated into BK-VLPs during the
assembly are most likely of cellular origin (Figs 3 and 4).
According to the lengths and/or amounts of these incorpo-
rated DNA fragments, the BK-VLPs exhibited different
densities. The empty BK-VLPs having 26 or 50 nm diam-
eter and 1.29 or 1.30 g/cm3 density contained no DNA (Fig.
4A). In contrast, the VLPs with a diameter of 50 nm and
density of 1.33 and 1.35 g/cm3 carried cellular DNAs of one
and three different lengths, respectively (Fig. 4B). Detailed
Fig. 7. Cryo-EM three-dimensional reconstruction of BK-VLPs. (A) The particle is viewed along the twofold axis. The positions of the two-, three-, and
fivefold axis are marked as oval, triangle, and pentagon, respectively. The major capsid protein, VPI, establishes an arrangement according to a T  7 lattice
with protruding capsomers at fivefold and local sixfold positions. Both capsomers clearly reveal pentameric morphology. Bar, 100 Å. (B) Close-up view of
(A) reveals the contacts among the unique subunits at the local-six axis. The BK-VLPs capsid is built up of six unique monomers (marked 1–6). These
monomers give rise to three different contacts; subunit 1–3 around the pentavalent capsomer, subunit 4 and 5 around the three-fold axis, and subunit 6 at
the twofold axis.
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investigation of DNA packaging in VLP will confirm an
earlier observation in enclosing mouse host cell DNA into
murine polyoma virus (Michel et al., 1967). It will also
provide a workable model to reveal the DNA packaging
mechanism during polyoma virus replication.
BKV-positive human serum reacted well with native
BK-VLPs but poorly with SDS-denatured BK-VLPs in dot
immunoblotting and ELISA assay. These results indicate
that the antigenic epitope in native and denatured BK-VLPs
is different. Previously, Christie et al. demonstrated that
BKV-positive human serum did not react with native BKV
structural proteins in Western immunoblotting (Christie et
al., 1988). Therefore, the antigenic epitope(s) of BK-VLPs
is cooperative rather than continuous. BK-VLPs prepared in
this study were stable in pH 9.6 carbonate buffer (data not
shown). Consequently, conventional ELISA assay at higher
pH using BK-VLPs is adequate for the detection of anti-
bodies to BKV (Li et al., unpublished data).
As the VLPs resembled the native BKV virions in their
antigenicity and HA activity, the structure of the larger BK-
VLPs was determined to better characterize the VP1 organi-
zation in the capsid (band D, Fig. 3). The 3D structure of the
BK-VLP indicated a composition of 72 capsomers, similarly
arranged as in the capsid shell of native polyoma virions
(Liddington et al., 1991; Stehle et al., 1996). The pentameric
capsomers occupy both pentavalent and hexavalent positions
in a T 7 icosahedral symmetry, where detailed resemblance
similar to the weak Y-shaped connection at the threefold (Fig.
8) could be traced as the C-terminal tail of VP1. Alignment of
the primary sequence of BKV VP1 with other three polyoma
viruses, SV40, human JC, and murine polyoma viruses, further
indicated that the main difference rested on the top of the
pentamer, as the external surface of the capsid shell (data not
shown). Conserved regions of VP1 among these four polyoma
viruses may include the core of the protein together with loops
forming the intra/intercapsomeric contacts to conform an ade-
quate capsid shell.
In summary, BK-VP1 alone contains all the structural in-
formation necessary for its viral capsid formation. The estab-
lished system can be further developed to study the restrictive
host range of BKV growth and the morphogenesis of capsid
formation. If we could understand the DNA packaging mech-
anism for VLP formation, it is also possible to develop highly
specific viral expression vectors.
Fig. 8. Radially cued density of the BK capsid shell. Densities are showed with a 10 Å step size from 202 to 252 Å, down at the twofold axis.
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Py, murine polyoma virus.
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Materials and methods
Virus and DNA
Cultures of primary human embryo kidney cells were
used to propagate native BKV (Uchida et al., 1976). The
DNA of BKV was extracted and purified using the phenol–
chloroform method (Moore, 1994).
Construction of recombinant transfer vectors
Using the BKV DNA as a template, the BKV DNA region,
which is encoding for the capsid VP1, was amplified by the
polymerase chain reaction (PCR) with a sense primer BK-D1
(5TGGATCCATGGCCCCAACCAAAAGAAAAGG-3)
and an antisense primer BK-U1 (5-TAGCGGCCGCTTA-
AAGCATTTTGGTTTGCAATTGTC-3). Similarly, N-ter-
minal 11 amino acids (aa) truncated BKV VP1 (BKV VP1-D)
fragment was amplified using a sense primer BK-D4
(5-TGGATCCATGGGGGCAGCTCCCAAAAAGCCAAA-
GGA-3) and BK-U1. Those sense primers contain BamHI site
before the start codon. The antisense primer contains NotI site
after the stop codon. The PCR fragments were digested with
NotI and then partially digested with BamHI. The purified
fragment was ligated to the transfer vector pVL1393 to yield
plasmids pVLVP1 and pVLVP1-D.
Construction of recombinant baculoviruses and
expression of the capsid protein VP1
Sf9 cells (Riken Cell Bank, Tsukuba, Japan), derived
from an insect Spodoptera frugiperda (Stewart and Possee,
1993), were cotransfected with the linearized wild-type Au-
tographa californica nuclear polyhedrosis virus DNA
(Pharmingen BaculoGold 21100D) and either pVLVP1 or
pVLVP1-D by the lipofectin-mediated method as specified
by the manufacturer (GIBCO-BRL, Gaithersburg, MD).
Cells were incubated at 26.5°C in TC-100 medium
(GIBCO-BRL) supplemented with 8% fetal bovine serum
and 0.26% bactotryptose phosphate broth (Difco Laborato-
ries, Detroit, MI). Each recombinant virus was plaque-pu-
rified three times in Sf9 cells (Stewart and Possee, 1993).
Baculovirus recombinants obtained were designated as
AcVP1 and AcVP1-D, respectively. For the large-scale ex-
pression (Wickham and Nemerow, 1993), an insect cell line
from Trichoplusia ni, BTL-Tn 5B1-4 (Tn5) (Invitrogen, San
Diego, CA), was used. Tn5 cells were infected with recom-
binant baculoviruses at a multiplicity of infection (m.o.i.) of
10 and incubated in EX-CELL 405 medium (JRH Bio-
sciences, Lenexa, KS) for 7 days at 26.5°C.
SDS–PAGE and Western blot analysis
The proteins in the cell lysate and in the culture medium
were separated by 10% sodium dodecyl sulfate–polyacrylam-
ide gel electrophoresis (SDS–PAGE) and stained with Coo-
massie blue. For Western blot, proteins in the SDS–PAGE gel
were electrophoretically transferred onto a nitrocellulose mem-
brane. The membrane was then blocked with 5% skim milk in
50 mM Tris–HCl (pH 7.4), 150 mM NaCl and reacted with a
human serum. It was positive for BKV DNA (but negative for
JCV DNA by PCR) and positive for anti-BKV IgG by hem-
agglutination inhibition test. Detection of human IgG antibody
was achieved by using alkaline phosphatase conjugate goat
anti-human immunoglobulin (1:3000 dilution) (Dako A/S,
Copenhagen, Denmark). Nitroblue tetrazolium chloride and
5-bromo-4-chloro-3-indolyl phosphate P-toluidine were used
as coloring agents (Bio-Rad Laboratories).
Purification of the VLPs
The culture medium was harvested on day 7 after infection.
Intact cells, cell debris, and progeny baculoviruses were re-
moved by centrifugation at 10,000 g for 90 min. The super-
natant was then spun at 25,000 rpm for 2 h in a Beckman
SW28 rotor. The resulting pellet was resuspended in 4.5 ml
EX-CELL 405 at 4°C overnight. After mixing with 2.1 g of
CsCl, the sample was centrifuged at 35,000 rpm for 24 h at 4°C
in a Beckman SW50.1 rotor. Each band was harvested by
puncturing the tubes with a 22-gauge needle and was thereafter
centrifuged for 2 h in a Beckman TLA55 rotor at 50,000 rpm
to remove CsCl. To determine the buoyant density, the gradi-
ent was fractionated into 200 l aliquots and the weight of all
fractions was measured by a dial scale.
Electron microscopy of recombinant VLPs
The VLPs were applied on apioloform-coated grid and
allowed to adsorb to the grid for 5 min. After a rinse with
distilled water, the sample was stained with 1% aqueous
uranyl acetate solution and observed by a Hitachi H-7000
electron microscope operated at 75 kV.
Anti-BK-VLPs hyperimmune serum
Anti-BK-VLPs hyperimmune sera were prepared by im-
munizing rabbits with purified VLPs from four bands (500
g per rabbit) in Freund’s complete adjuvant by one sub-
cutaneous injection. Booster injections with the half-dose in
Freund’s incomplete adjuvant were done after 1 month. The
animals were bled 1 week after the last booster injection
without adjuvant.
HA and HI assays
HA and HI assays were performed according to S.D.
Gardner’s methods (Gardner et al., 1971).
Dot immunoblotting
BK-VLPs or BK-VLPs treated with 2% SDS and 5%
2-mercaptoethanol (denatured) (1, 2, and 5 g) were spotted
on a nitrocellulose membrane. After air drying, the nitro-
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cellulose sheets were blocked with 5% skim milk and in-
cubated with either anti-BKV-positive human serum (1:
1000) or rabbit anti-BK-VLPs hyperimmune sera (1:5000).
The membranes were then incubated with the secondary
antibody as described in the Western blot analysis.
Enzyme-linked immunosorbent assay (ELISA)
To detect the BKV antibody, flat-bottomed 96-well poly-
styrene microplates (Immulon 2, Dynex Technologies, Inc.,
Chantilly, VA) were coated with the native or SDS-denatured
BK-VLPs. Twofold dilutions of human serum samples (100
l/well) were added to the wells in duplicate. The plates were
incubated for 1 h at 37°C, washed six times, and administered
with 100 l horseradish peroxidase (HRP) conjugated goat
anti-human IgG (1:10,000 dilution) (Cappel, West Chester,
PA) in phosphate-buffered saline (PBS) containing 0.05%
Tween 20 (PBS-T) and 1% skim milk. The plates were incu-
bated for 1 h at 37°C and washed six times with PBS-T.
Furthermore, 100 l of the substrate orthophenylenediamine
(Sigma Chemical Co., St. Louis, MO) was added to each well.
The plates were incubated in a darkroom for 30 min at room
temperature. The absorbance at 492 nm was measured after
further incubation with 4 N H2SO4 (50 l/well) for 10 min.
Immunofluorescence microscopy
Insect Tn5 cells, grown in 25-cm2 culture flasks, were
infected with wild-type or recombinant baculoviruses at an
m.o.i. 10 and incubated at 26.5°C. They were harvested at
36 h postinfection, washed with PBS, and then transferred
to slide glasses. The cells were dried in air and fixed with
100% cold acetone for 10 min at 20°C. The slides were
incubated at 37°C for 1 h with either BKV-positive or
-negative human serum at a dilution of 1:2000. After wash-
ing with PBS, the slides were incubated with a 1:1000
dilution of FITC-conjugated goat anti-human IgG (Organon
Teknika Co., Durham, NC) in PBS for 1 h at 37°C and
examined by fluorescence microscopy.
Nucleic acid extraction from BK-VLPs
CsCl-purified BK-VLPs were treated with proteinase K
(final concentration: 200 g/ml) in the presence of 1% SDS
and 25 mM EDTA at 37°C for 30 min. An equal volume of
phenol-chloroform was added to extract nucleic acids. The
mixture was then centrifuged at 15,000 rpm for 5 min. The
aqueous phase was mixed with sodium acetate with a final
concentration of 0.3 M. Two and one-half volumes of cold
ethanol were then added. After incubation at 80°C for 30
min, nucleic acids were pelleted by centrifugation at 15,000
rpm for 15 min at 4°C and resuspended in 100 l of distilled
water. To distinguish DNA or RNA, 50 l of the nucleic
acid extract was treated with DNase I (final concentration;
0.01 mg/ml) (Sigma) at 37°C for 30 min or with RNase A
(final concentration; 0.5 g/ml) at 37°C for 1 h and ana-
lyzed on 1% agarose gels.
Cryoelectron microscopy
Frozen-hydrated specimens were prepared by applying
3.0 l droplets of an aqueous mixture of BK-VLPs from
band D (0.5–1.0 mg/ml) on 300 mesh copper grids coated
with holey carbon film. The images of the frozen VLPs were
recorded with a Philips CM120 (Philips Electronics Instru-
ments) by defined low-dose condition. The micrographs
were taken with Kodak SO163 films (Eastman Kodak Co.,
New York, NY) at 35,000 nominal magnification and 120
kV operating voltage. Each area of specimen was recorded
twice as focal pairs with defocus values of 1.0 and 3.0 m,
respectively (Xing et al., 1999).
Image analysis and 3D reconstruction
Micrographs with sufficiently separated and well-distrib-
uted particles, exhibiting minimal astigmatism, were digi-
tized at 14-m intervals (4 Å sampling at the specimen)
with a Zeiss microdensitometer. Images of the BK-VLPs
were analyzed with icosahedral particle processing proce-
dures to reconstruct the 3D density map (Xing et al., 2000).
Computations were performed with interactive FORTRAN
programs on Alphastations (Digital Equipment Co., MA).
The 3-m defocus micrograph of a focal pair was pro-
cessed first. The better phase contrast in the far-defocus
image enabled an initial estimate of particle orientations to
obtain a reliable starting model. The initial phase origins of
selected particle images were obtained by using a cross-
correlation method, where the particle orientations were
determined through modified common lines and polar Fou-
rier transform procedures (Baker and Cheng, 1996; Fuller et
al., 1996). This was followed by interparticle orientation
refinement with increasing numbers of unique images by
cross common-lines procedures. To improve the sensitivity
and reliability of the orientation refinement procedures with
the BK-VLPs images, the data were Fourier-filtered to re-
move both low- and high-frequency noise beyond the pro-
cessing regions. Refinement of origins and orientations
were repeated in cycles at progressively higher spatial fre-
quencies until no further improvement was found in the
common-lines phase residues. Further refinement was con-
tinued by taking the data from 1 m defocus micrograph.
The new set of particle origins and orientations were first
refined with data out to a resolution of 32 Å equally to that
from far defocus model. Besides the procedures described
above, back-projection images of the preliminary recon-
struction were used as references to accurately refine the
phase origins and orientations of the corresponding images.
The resolution was progressively improved and the final 3D
reconstruction was computed to a resolution of 20 Å, which
was within the limit imposed by the first zero of the contrast
transfer function of the electron microscope. Projections of
the density contained within defined spherical shells were
presented along chosen view directions that were within
specified radii limits at 10 Å intervals.
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